Abstract-A transmission system based on voltage-source three-level flying capacitor (FC) multilevel converters with selective harmonic elimination pulse-width modulation (SHE-PWM) control is presented in this paper. The generation of the switching patterns for each power device is described taking into account the natural balancing of the FC voltages. A new and simple control method for balancing the FC voltages of the FC converter when using SHE-PWM is proposed which is based on the small change of the firing angle according to the load current polarity. Implementation of the SHE-PWM with capacitor voltage balancing is provided. Simulation studies for a 300MW/±150kV transmission system are presented to confirm the satisfactory performance of the proposed system. Index Terms-VSC transmission, flying capacitor converter, selective harmonic elimination PWM, voltage balancing.
I. INTRODUCTION
igh Voltage Direct Current (HVDC) schemes employing self-commutated, voltage source converters (VSCs) with insulated gate bipolar transistors (IGBTs) (known as VSC transmission) have attracted increasing attention and a number of installations are now in operation [1] [2] [3] [4] [5] [6] . However, in addition to its well-known advantages such as requiring no external voltage source for commutation, being able to control the reactive power flow independently at each end and independently of the active power control, VSC transmission system does have high power losses and high cost compared to conventional HVDC system [7] . In order to maximize the potential of the VSC transmission, a number of technology breakthroughs are required. It is a key requirement to reduce the power losses and the harmonic distortion generated by the converter. One promising way forward is the adoption of a multilevel converter as a building block for the system.
There are a number of distinct multilevel converter topologies which have been used or proposed for VSC transmission system, namely, the neutral-point clamped (NPC) converter [2, 8, 9] , the flying capacitor (FC) converter [7, 10] , and the multi-modular converter [3, 4, 11] . While these multilevel converters have their respective merits and shortcomings, the selection of the converter topology is a L. Xu is with the School of Electrical and Electronic Engineering, Queen's University of Belfast, Belfast, UK. (e-mail: l.xu@ee.qub.ac.uk).
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detailed engineering design exercise. It needs to take into account a number of parameters including the system design and control, power loss, cost, etc.
Selective harmonic elimination pulse-width modulation (SHE-PWM) allows certain harmonics, usually low order nontriplen harmonics, to be eliminated by properly selecting the switching instants [12] [13] [14] [15] . Due to the low equivalent switching frequency and thus low switching power loss, and good harmonic performance, SHE-PWM has been widely used for high power applications. However, there has been no report in the open technical literature on the use of SHE-PWM for FC converters which are traditionally controlled using phase-shifted sinusoidal PWM (PS-SPWM) [10, 16] .
The objective of this paper is to present a study of a VSC transmission system based on three-level FC converters using SHE-PWM control. The paper describes the generation of the switching patterns for each power device and the impact on the FC voltage variation. A method for FC voltage balancing under SHE-PWM is proposed and the circuit for system implementation is illustrated. Selected simulation results are presented to show the performance of the system. The paper is organized in the following way. In Section II, the basic concept of the SHE-PWM method for three-level multilevel converters is discussed and in Section III this method is applied to the three-level FC converter. In particular, the way the SHE-PWM switching patterns are generated along with the FC voltage control is described. A VSC transmission system is dealt with in Section IV where simulation results are presented for a 300MW/±150kV system. Finally, conclusions are drawn in Section V.
II. SHE-PWM FOR THREE-LEVEL CONVERTERS
SHE-PWM methods have been studied extensively [12] [13] [14] [15] and only a brief description for three-level waveforms is given here. Fig. 1 shows a typical three-level voltage waveform under SHE-PWM control. As can be seen there are m switching angles per quarter cycle and the usual quarter-wave and half-wave symmetry of PWM waveform is retained. For the waveform shown in Fig. 1 The main challenge associated with the SHE-PWM waveform is to obtain the analytical solutions of the non-linear transcendental equations given in (1) with a number of given constraints. Many algorithms have been proposed to deal with the problem. They rely either on the starting values to obtain the exact solutions [12] , or introduce a relatively complicated method to ensure convergence and finding all sets of solutions through for instance: a sequential homotopy-based computation [13] , use of resultant theory and high order polynomials [14] , a minimization technique [15] . Some general observations for the solutions of the switching angles associated with the SHE-PWM method include:
• multiple sets of solutions, • certain degree of discontinuity across the whole modulation index range. As an example, Fig. 2 shows one set of the solutions for nine switching angles per quarter cycle which eliminate nontriplen harmonics up to the 25 th . As can be seen, the solutions are discontinues at around 0.64-0.65 modulation index. Fig. 3 shows a three-level FC converter. As shown, C 1 and C 2 are the main DC capacitors and C f1 , C f2 , and C f3 are the flying capacitors. During normal operation, the mean voltages of the three flying capacitors are all charged at E, where the voltage of the main DC bus voltage is 2E. As a result, the voltage across each switch is only half of the DC link voltage. For a three-phase system, the main DC capacitor is shared by the three phases but the flying capacitors are not. FC converters are traditionally controlled using PS-SPWM [10, 16] . For a three-level converter, it requires two high frequency triangular carriers which are phase-shifted by half of the carrier period. This arrangement results in the switching frequency for individual switches being the carrier frequency but the dominant harmonics of the output voltage are positioned around double the carrier frequency and multiple thereof. This dramatically reduces the switching power loss compared to a two-level VSC if similar output harmonic distortion is to be achieved. Alternatively, if similar power loss is to be maintained, the proposed system requires smaller size filters when compared to a two-level VSC.
III. SHE-PWM FOR THREE-LEVEL FC CONVERTER

A. Principles of FC Converters
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B. SHE-PWM switching patterns generation
For the three-level FC circuit shown in Fig. 3 , for each leg, the switching patterns for the two outer switches are complimentary and the same principle applies to the two inner switches. Thus for leg a, assuming the FC voltage V f being E, its output phase-to-neutral voltage can be expressed as [10] ( ) S represent the switching states for switch S 1 and S 2 respectively and they equal to 1 if the corresponding switch is ON and 0 if the corresponding switch is OFF.
According to the desired output voltage waveform under SHE-PWM control and (2), the switching patterns for the switches can be identified. There are many different combinations of switching patterns which all generate the same output voltage waveform. The main criteria for choosing the optimal switching patterns are as follows:
1. The switching stresses for the switches should be kept even. Thus the number and the distribution of the switching angles for each switch should be similar.
2. Under ideal conditions, the FC voltage should be automatically balanced within each fundamental frequency cycle for all possible operating modes. Fig. 4 shows two different arrangements of the switching patterns for a voltage waveform with nine switching angles per quarter cycle. It can be seen from Fig. 4 that both switching patterns meet the first criterion and result in similar switching number for the two switches S 1 and S 2 , i.e., the average switching frequency ratios for S 1 and S 2 all equal to nine. In order to achieve similar harmonic performance with PS-SPWM, the switching frequency ratio of 15 is required. This indicates that with SHE-PWM, the switching loss of the FC converter can be reduced substantially if similar harmonic performance is to be retained.
The two switching patterns are applied to the converter and the voltage ripple of the FCs is then obtained for all possible operating conditions, i.e., rectifier, inverter, purely capacitive and purely inductive load conditions. With the converter operated at inverter mode and purely inductive mode, Figs. 5 (a) and (b) illustrate the FC voltage ripple for the switching patterns I and II respectively. For other operating modes such as rectifier and purely capacitive mode, it has been found that the results are similar to those shown in Fig. 5 . As can be seen from Fig. 5(a) , with switching pattern I, at the end of each fundamental period, the FC voltage goes back to the value it started at the beginning of that period. This indicates that the FC voltage is automatically balanced under ideal conditions with switching pattern I. For switching pattern II, as shown in Fig. 5(b) , the FC voltage ripple is very small when the converter is in the inverter mode with unity power factor.
However, when the converter operates at purely inductive mode, the FC voltage does not go back to its starting point at the end of the fundamental period. This indicates that the converter cannot achieve automatic capacitor voltage balancing under switching pattern II. Thus, in the following studies, the switching pattern I is used for controlling the FC converters.
C. FC voltage control
In a practical system, the control signals could have slight different duty cycle, the power devices have different characteristics and the load current may be asymmetrical. Consequently, the voltages of the FC can vary even with switching pattern I. Therefore, appropriate methods must be integrated in the control to ensure the balancing of the FC voltages.
The current flowing into an FC can be expressed using the switching states of the power devices and the phase current as ( )
where i is the output phase current. According to (3), the voltage variations of the FC within each switching period can be synthesized and the results are shown in Fig. 6 . Specifically, Fig. 6 (a) shows the switching patterns and Fig. 6 (b) shows the change of the FC voltage for the condition of i>0. During the intervals which are marked black in the figure, the FC voltage varies according to the sign indicated. In order to control the FC voltage, the switching angles are thus slightly modified to change the average charging and discharging time of the FC within each fundamental period. For example, if the output phase current is positive and the FC voltage is too low and is required to be increased, the firing angles of α 1 , α 2 , α 5 , α 6 , and α 9 are slightly increased while α 3 , α 4 , α 7 , and α 8 are slightly decreased, as schematically illustrated in Fig. 6 (c) . This causes the charging time of the FC to increase and the discharging time to decrease and as a consequence the FC voltage increases. The opposite action applies if V f is required to decrease or i is negative. The changes of the switching angles are usually very small so that good harmonic performance of SHE-PWM waveform is maintained. Fig. 7 shows the schematic diagram of the proposed FC voltage control scheme. For a three-phase converter, three such controllers are required, one for each phase. The phase current is measured and its polarity S I is determined. The error of the FC voltage is also calculated and passed into a hysteresis controller, which generates the FC voltage status S V . The firing angles are then modified according to S I and S V as shown in Fig. 7 . The constant k shown in Fig. 7 is normally very small, e.g. in the range of 0.1-0.2 degree so that the good harmonic performance characteristics of the SHE-PWM method are not affected. As can be seen, large voltage error generates bigger value of S V and results in larger switching angle changes and provides faster voltage correction. This is especially useful during or immediately after transients as the system can provide fast voltage balancing to minimize the stresses on the power devices. The harmonic distortion may temporarily increase during such conditions. However, this may not be a problem under transient conditions.
D. System realization
The implementation of the proposed SHE-PWM scheme is schematically shown in Fig. 8 . This involves the generation of a triangular reference waveform, which has the same frequency and phase shift as the desired converter AC voltage output. For a three-phase system, three triangular reference waveforms are needed with each phase being out of phase by 120 degrees. According to the desired modulation index M, the switching angles are fetched from the look-up-table and taking into account the requirement of the FC voltage balancing control, a number of switching threshed, e.g. α 1 * , α 2 * , … α 9 * , -α 1 * , -α 2 * , … -α 9 * are generated. They are then compared to the triangular reference waveforms to generate the switching signals for the power devices. IV. SYSTEM STUDIES A VSC transmission employing three-level FC converters was simulated using MATLAB/SIMULINK. The previously described SHE-PWM control with nine switching angles per quarter cycle was implemented. Fig. 9 shows one terminal of the simulated system and its parameters are listed in Table 1 .
The system control is based on d-q decoupling and the reference d-q frame is fixed to the network voltage as illustrated in [17] . One converter, namely DC voltage controller (DCVC), controls the DC link voltage and the other converter, namely active power controller (APC), controls the transmitted active power. Both DCVC and APC can work as an inverter or a rectifier. It has been found that the waveforms for the APC and the DCVC are very similar, thus only those for APC working as a rectifier are shown in this paper. It is assumed that the main DC capacitor and the FC were initially charged at 300kV and 150kV respectively prior to the deblocking of both converter stations. Both converters were deblocked at 0.05s and then various reactive and active power orders were applied to the APC. Reactive and active power orders of -100MVar at a rate of 100MVar/20ms and 200MW at a rate of 100MW/20ms were applied at 0.1s and 0.3s, respectively. The proposed FC voltage balancing control was initially enabled but was disabled at 0.5s and re-enabled at 0.7s. Selected simulation results are shown in Fig. 10 . As shown in Figs. 10 (a) and (b), the active and reactive power control which is achieved via the control of d-axis and q-axis current components performs satisfactory. With the proposed FC voltage balancing control, the FC voltage during active and reactive power variations is well balanced as can be seen from Figs. 10 (c) and (d). The harmonic distortion of the voltage at the PCC is below 2% as can be seen from Fig. 10 (f). When the FC voltage balancing control is disabled at 0.5s, the FC voltage moves away from the desired value of 150kV but the voltage is quickly re-balanced after it is re-enabled at 0.7s as can be seen clearly in Fig. 10 (d) . The voltage THD is increased during the period of 0.5s-0.7s as shown in Fig. 10 (f) due to the increase of the FC voltage unbalance. The temporary increase of the voltage THD after the FC voltage balancing control being re-enabled at 0.7s is due to the big changes of the switching angles to provide fast balancing control. The converter output voltage and current waveforms shown in Figs. 10 (g) and (h) also prove the satisfactory operation of the VSC transmission system under the SHE-PWM control.
V. CONCLUSIONS
A VSC transmission based on three-level FC converters and SHE-PWM control is studied in this paper. The generation of the switching patterns for each power device is described taking into account the natural balancing of the FC voltage. FC voltage balancing control under SHE-PWM has been investigated and a method based on the slight modification of the firing angles to change the charging and discharging time of the FC has been proposed. The circuits for implementation of SHE-PWM for three-level FC converter are illustrated. Simulation studies on a 300MW/±150kV system show the effectiveness of the SHE-PWM and the FC voltage balancing strategy. This VSC transmission system provides satisfactory response with good harmonic performance and low switching power loss.
